A yeast capable of growth on methanol as its sole carbon-energy source was isolated from soil samples and identified as a strain of Hansenula polymorpha. A continuous enrichment culture at 37 C with a simple mineral salts medium was used to select this organism. The isolate, designated DL-1, has a maximal specific growth rate of 0.22 per h, at pH 4.5 to 5.5 and temperatures of 37 to 42 C, in simple mineral salts medium with methanol (0.5%), biotin, and thiamine. Growth occurred in a chemostat at temperatures up to 50 C, with strong growth at 45 C. 9) have dealt with the growth of yeast on methanol. An examination of this literature, however, shows that quantative data relating to methanol utilization by yeasts are still quite sparse. The purpose of this study was to isolate and examine the growth properties of a yeast able to use methanol as its sole carbon-energy source in a defined mineral salts medium at temperatures greater than 35 C. This system was chosen for the following reasons.
The ability of microorganisms to utilize methanol as their sole carbon source is well established (6) . Most of the work in this area has been concerned with bacteria; however, in recent years, studies by Ogata et al. (11) (12) (13) , Asthana et al. (3) , Oki et al. (14) , Sahm and Wagner (16) , and Hazeu et al. (9) have dealt with the growth of yeast on methanol. An examination of this literature, however, shows that quantative data relating to methanol utilization by yeasts are still quite sparse. The purpose of this study was to isolate and examine the growth properties of a yeast able to use methanol as its sole carbon-energy source in a defined mineral salts medium at temperatures greater than 35 C. This system was chosen for the following reasons.
(i) Recovery of yeast by either centrifugation or filtration is significantly easier and cheaper than recovery of bacteria due to the larger cell diameter.
(ii) Yeast, as single-cell protein, is psychologically more palatable for human consumption. In addition, a precedent for yeast as a food supplement has already been set.
(iii) This system with high temperature (35 to 45 C) and low pH (4.0 to 5.0) has a lower tendency toward contamination.
(iv) Higher growth temperatures would mean less expense for fermentor cooling.
These criteria evolve from the desire to assess methanol utilization of yeast as it applies to single-cell protein production and, more generally, to any methanol-based fermentation.
MATERIALS AND METHODS Isolation of organism. The organism used in this study was isolated from soil by means of a continuous enrichment technique. Soil samples were collected and incubated at 37 C as a slurry in a methanol-water solution. After approximately 1 week, these slurries were used as inocula for a nonseptic, continuous culture. The medium was the simple mineral salts medium described below, except without vitamins. Methanol concentration in the feed was 10 ml/liter. The temperature was maintained at 37 C, and the pH was set initially to 4.5 but was allowed to settle with culture growth to 3.5. The pH was set low to select preferentially for yeast over bacteria. The dilution rate of the continuous enrichment was set at 0.07 per h to insure selection of an organism capable of doubling its mass in at least 10 tor volume was set at 375 ml by means of a level controller, rather than by the conventional overflow tube, since discrepancies were found between exit cell concentration and reactor volume cell concentration with the overflow system. A vibrator pump provided aeration by pumping room air at approximately 1 liter/min. All continuous culture experiments were carried out with the mineral salts-methanol medium with vitamins. Feed methanol concentration was set at 5 ml/liter. In all cases, vitamins and methanol were added aseptically to the medium reservoir after it was autoclaved. The cellular yield on methanol (YM.OH, grams of dry cell weight per grams of methanol consumed) of isolate DL-1 was determined for a number of steady states at various reactor conditions. Steady states were defined by stability of cell concentration over a time period equal to at least four turnover volumes of the fermentor. YMoH is determined by the following equation: YM.OH = x/SO -S, where x is cell concentration (grams of dry cell weight per liter), SO is methanol concentration in the feed (grams per liter), and S is methanol concentration in the fermentation broth (grams per liter). Methanol vapor in the exit air stream was monitored by gas chromatography and found to be negligible.
The maximal specific growth rate of isolate DL-1 was determined by the washout technique at temperatures of 32, 37, 42, 45, and 50 C. In these experiments, once the chemostat came to steady state at some known dilution rate, the dilution rate was increased to an arbitrary value greater than the maximal growth rate of the organism. Studies with 14-liter fermentor. A number of 14-liter, semi-batch fermentations were run for the purpose of determining (i) the cellular yield on oxygen (Yo2, grams of dry cell weight per gram of 02 consumed), and (ii) the highest attainable cell density. A 14-liter New Brunswick fermentor was charged with 10 liters of mineral salts-methanol medium, at a methanol concentration of 5 ml/liter. The fermentation was run aseptically at 37 C and pH 4.5. Both temperature and pH were controlled. During the course of the fermentation, additional nutrients were added discontinuously. Dissolved oxygen in the broth was monitored by means of a galvanic probe (4), and aeration was adjusted to maintain >50% saturation dissolved oxygen. To avoid a foam problem, aeration rate was kept low (<5 liters/min) and the inlet air stream was supplemented with pure oxygen as needed to meet the oxygen demand of the culture. Cellular growth was followed by measuring optical density with a Klett-Summerson calorimeter, and periodic sampling for dry weight analysis.
The oxygen yield (Yo,) was determined by Yo0 = jux/Na, where A is specific growth rate (per hour); x is cell concentration (grams of dry cell weight per liter), and Na is oxygen uptake rate (grams of 02 per liter per hour). The oxygen uptake rates were determined by making a mass balance for oxygen on the fermentor. These balances were performed only during those parts of the fermentation when inlet air was not supplemented by pure oxygen. Oxygen input was therefore taken to be 20.9% of total air fed. Oxygen content of the exit gas was measured directly with a Leeds and Northrup magnetic oxygen analyzer. Other relevant parameters, such as volumetric gas flow and fermentor volume, were determined by direct measurement.
Feeding study. Identification of isolate. A slant of our isolate was sent to the CBS typing service for identification. They identified the culture as a strain of Hansenula polymorpha (Table 1) . Identification tests performed in our own laboratory agree with these observations except that we have not observed sporulation of this yeast.
On the basis of our initial observations and the keying guides provided in Lodder (10), we tentatively classified our isolate as a strain of Candida silvicola (6) , which is the haploid form of H. holstii. However, comparison of our isolate to culture collection strains of H. polymorpha NRRL-Y-1798 and H. holstii NRRL-Y-2154 shows it to resemble H. polymorpha in assimilative pattern and colony morphology more closely than it resembles H. holstii. The isolate DL-1 has been assigned culture collection numbers NRRL-Y-7560 and ATCC 26012 and is available from these agencies.
Growth characteristics. At 37 C the isolate has a pH optimum from 4.5 to 5.5 as determined in shake flask experiments (Fig. 1) . At pH 4.5 the isolate showed optimal growth from 37 to 42 C as determined by continuous culture washout experiments (Fig. 2) . The maximal specific growth rate of the organism under these conditions was 0.22 per h.
At methanol levels less than 0.5% (vol/vol), the isolate follows the Monod growth model. Analysis of chemostat data indicates a K8 constant of 120 mg of methanol per liter and a maximal specific growth rate of 0.23 per h. In shake flask experiments, greater than 1% methanol (vol/vol) inhibited growth, and no growth was observed with 10% methanol; however, subsequent transfer to medium with less methanol showed that the cells were not killed by these concentrations.
The growth yield on methanol as a function of dilution rate is shown in Fig. 3 . Maximal yield of 0.36 g of dry cell weight per g of methanol occurred at a dilution rate of 0.13 per h. The growth yield on oxygen, as determined in a batch culture using a New Brunswick 14-liter fermentor, was 0.37 g of dry cell weight -per g of 02 (Table 2) .
Our isolate has a protein content of 46%, which is independent of the dilution rate, a total nucleic acid content varying from 5.0 to 7.0%, and a growth rate varying from 0.08 to 0.20 per h. Figure 4 summarizes cell composition data for the isolate growing at varying dilution rates and temperatures. These data Table 3 .
Finally, Fig. 5 shows cell concentration, methanol concentration in broth, and produc- (1973) for combined methionine and cystine equals 3.5 g of amino acid per 100 g of protein.
"The FAO reference for combined tyrosine and phenylalanine equals 6.0 g of amino acid per 100 g of protein. 
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The yield on methanol of 0.36 g of dry cell weight per g of methanol obtained with our isolate is similar to average yields (0.3 to 0.4) reported for other bacteria and yeast utilizing methanol. In comparison to other yeast isolates, our isolate does not have as high a yield as that of Asthana et al. (3) at 45%, while being somewhat higher than the 29% obtained by Sahm and Wagner (16) .
Using the methods described by Payne (15), one may calculate a theoretical yield on methanol of 0.6 g of dry cell weight per g of 02 based on the number of electrons available for transfer to oxygen. An explanation of this discrepancy between the theoretical yield and the actual yield reported for our organism and for others will be found probably upon the elucidation of the pathways of methanol oxidation and incorporation. It has been shown that microbial methanol dehydrogenation is carried out by a nicotinamide adenine dinocleotide-independent enzyme (2, 7, 17) , and it is quite probable that different cofactor requirements will greatly affect energy yield.
A Figure 4 presents data for protein and total nucleic acid content of isolate DL-1 as a function of growth rate at 37 C. Data obtained from single growth rates at 32, 42, and 45 C are also shown. The plot is constructed using the format of Alroy (1) , in that the data are plotted against a normalized dilution rate to allow for cross-comparison among data taken at different temperatures. Protein content shows little variation, being largely constant at 46%, whereas nucleic acid content shows a marked increase with increasing growth rate. Total nucleic acids varied from 5.0 to 7.0%. Data taken at 32 and 42 C show negligible variation from that taken at 37 C; at 45 C, however, both protein and nucleic acid contents of isolate DL-1 are significantly lower than the corresponding data at 37 C. Alroy presents a correlation of nucleic acid/protein ratio on the basis of dilution rates normalized against Dmax at 30 C for many different organisms grown under different conditions. Although Dmax at 30 C is not available for isolate DL-1 and so data presented here cannot be compared to Alroy's correlation, it is possible to compare composition data for isolate DL-1 at 32, 42, and 45 C to corresponding data at 37 C, on the basis of a dilution rate normalized against Dma. at 37 C. At 32 C the nucleic acid/protein ratio equals 0.13, and the corresponding value at 37 C equals 0.13. At 42 C the ratio equals 0.11, while the value at 37 C is 0.12. At 45 C the ratio equals 0.12, and at 37 C the ratio is 0.13. All these cases show good agreement and demonstrate an internal consistency among the data not readily apparent from Fig. 4 .
Actual protein contents of methanol-grown cells have been reported from 35% for yeasts (16) Figure 5 shows typical variation of cell density, substrate, and productivity with varying dilution rate. The drop-off of cell density at higher dilution rates is not a matter of oxygen limitation but of adherence to the Monod growth model. Although dissolved oxygen (DO) was not monitored during the fermentations from which these data were obtained, previous chemostats were set up with a galvanic 02 probe (4), and DO was found to be greater than 50% A series of oxygen balances was made during the fermentation to be used in determining the cellular yield of isolate DL-1 on oxygen. All of these balances were performed during the early parts of the fermentations before the first addition of methanol. The oxygen requirement of the culture was low enough at this stage of the fermentation to allow low aeration with room air to meet the demand. Therefore, the oxygen content of the inlet air was accurately known. Also, during this phase of the fermentation, cell growth was consistent and strong, and so major changes in growth rate during the course of measurement were not a problem.
Data used in determining the oxygen yield (Y(2) are presented in Table 2 . As can be seen, agreement among the various data points is quite good. No consideration was given to the effect on Yo2 that the maintenance coefficient of oxygen would have. At the time of the experiments, the effect of maintenance was assumed to be small, but no data are available to allow this maintenance coefficient to be estimated. A theoretical yield on oxygen can be calculated by assuming complete reaction of methanol according to the equation: CH3OH + NH3 + 02 , cells + CO2 + H20. When YN1,0j, equals 0.35 g cells per g of methanol and a cellular composition of 50% carbon, 8% nitrogen, 7% hydrogen, and 20% oxygen, a material balance on the above equation results in a theoretical Yo2 of 0.37. This value is gratifyingly close to the measured Yo2.
